We tested the hypothesis that a functional abnormality may contribute to impaired myocardial perfusion during tachycardia in the chronically pressure-overloaded hypertrophied left ventricle. Left ventricular hypertrophy (LVH) was produced by banding the ascending aorta of seven young dogs, 5-6 weeks of age, and studies were carried out after the animals reached adulthood when the mean left ventricular: body weight ratio was 91% greater than in seven control dogs. Myocardial blood flow was measured with radioactive microspheres during ventricular pacing at 100, 200, and 250 beats/min in the presence of normal coronary vasomotor activity and during maximum coronary vasodilation (adenosine, iv). At a heart rate of 100 beat«/min, there was no difference in myocardial blood flow between control and LVH dogs either during normal conditions or during adenosine infusion. However, since mean coronary perfusion pressure was higher in the dogs with aortic banding, minimum coronary resistance was greater in the dogs with LVH [22.7 ± 2.5 (mean ± BE)] than in the control dogs (14.5 ± 1.4 mm Hg/min per g per ml; P < 0.05). In the presence of intact coronary vasomotor tone, pacing at 2S0 beats/min resulted in transmural redistribution of perfusion away from the subendocardium in the dogs with LVH [subendocardial: subepicardial blood flow ratio (endoiepi) -0.68 ± 0.09], but not in the control dogs (endo: epi = 1.05 ± 0.03; P < 0.02). This relative reduction of subendocardial flow In the dogs with LVH resulted from extravascular factors since blood flow to the inner half of the left ventricular wall failed to increase in response to adenosine infusion during pacing at 250 beats/min. Thus, both an anatomic abnormality of coronary perfusion, marked by impaired minimum coronary resistance at a heart rate of 100 beats/min, and a functional abnormality of perfusion resulting in redistribution of blood flow away from the subendocardium at a heart rate of 250 beats/min were demonstrated in this model of LVH. Ore Res 49: [742][743][744][745][746][747][748][749][750] 1981 From the
BOTH clinical and experimental data suggest that the hypertrophied left ventricle is especially vulnerable to hypoperfusion during periods of cardiac stress. Thus, patients with chronic left ventricular hypertrophy (LVH) may develop typical angina pectoris during exercise, as well as electrocardiographic repolarization abnormalities which are suggestive of subendocardial ischemia (Goodwin, 1973; Harris et al., 1973) , and animals with experimental LVH may exhibit subnormal increases in myocardial blood flow during exercise or pharmacologically induced coronary vasodilation (Holtz et al., 1977; Mueller et al., 1978; White et al., 1979) . It is not clear whether this impairment of perfusion is the result of an anatomic abnormality caused by failure of the coronary cross-sectional area to increase in proportion to the degree of myocardial hypertrophy, or whether it may represent a functional abnormality related to filtered compression of the intramural coronary vasculature by the hypertrophied myocardium.
Although tachycardia decreases the interval of diastole when perfusion of the subendocardium can occur, previous studies have demonstrated that, in the normal heart, uniform transmural myocardial blood flow is nevertheless maintained during tachycardia produced by pacing or by exercise (Buckberg et al., 1975; Ball et al., 1975) . Maintenance of uniform transmural myocardial perfusion during tachycardia appears to be dependent on coronary vasomotion producing a compensatory decrease in subendocardial vascular resistance relative to subepicardial resistance (Moir, 1972) . Thus, in normal dogs, when coronary vasomotion was abolished by administration of the potent vasodilator, adenosine, increasing heart rates were accompanied by progressive reduction of subendocardial blood flow, reflecting the mechanical effect of cardiac contraction on transmural perfusion, free from compensatory adjustments normally produced by active coronary vasomotion (Bache and Cobb, 1977) .
Because of the increased wall thickness and decreased diastolic compliance of the pressure-over-loaded, hypertrophied left ventricle, it is possible that the direct mechanical effects of tachycardia would have a greater effect on subendocardial perfusion in the hypertrophied than in the normal heart. Consequently, the present study was carried out to examine the effects of pacing-induced tachycardia on transmural myocardial blood flow in the presence of normal coronary vasomotor tone, and when maximal coronary vasodilation had been produced by administration of adenosine to reveal the direct mechanical effects of cardiac contraction on transmural perfusion. M e t h o d s Studies were performed in seven adult mongrel dogs in which LVH had been produced by banding the ascending aorta while they were young dogs, as well as in seven normal adult mongrel dogs which served as a control group. At 5-6 weeks of age, the animals in which LVH was to be produced were anesthetized with sodium pentobarbital (20 mg/kg, i.v.) and ventilated with a respirator, and a right thoracotomy was performed through the 3rd intercostal space. The ascending aorta, approximately 1.5 cm above the aortic valve, was dissected from the surrounding connective tissue and fat pad. The aorta then was encircled with a polyethylene band, 2.5 mm in width. While left ventricular and distal aortic pressure were measured simultaneously we tightened the band until a 20-30 mm Hg peak systolic pressure gradient was achieved across the constriction. The chest then was closed, the right hemithorax evacuated of air with a chest tube, and the animal allowed to recover. The animals were subsequently maintained in enclosed runs on a standard laboratory diet. When the dogs were 10-15 months of age, they were returned to the laboratory and anesthetized with sodium pentobarbitol (25 mg/kg, iv) and ventilated with a respirator. A left thoracotomy was performed in the 4th intercostal space and the heart suspended in a pericardial cradle. A polyvinyl chloride catheter (3.0 mm o.d.) was inserted into the left atrial cavity via the atrial appendage and secured with a purse string suture. A similar catheter was inserted into the left ventricular cavity through a stab wound in the apical dimple. A third catheter was advanced into the ascending aorta distal to the aortic constriction via the left internal thoracic artery. A bipolar epicardial pacing electrode was sutured to the region of the right ventricular outflow tract. The catheters and pacing wire were tunneled into a subcutaneous pouch at the base of the neck. The above surgery was performed on the seven dogs with LVH and seven normal adult mongrel dogs that served as a control group. Studies were performed 10-14 days after surgery. At the time of study, all animals were free from fever, anemia, or other evidence of ill health.
On the day prior to study, the catheters and pacing wire were exteriorized via a 1.0-cm skin incision with 2% lidocaine infiltration anesthesia. Aortic, left ventricular, and left atrial pressures were recorded with Statham P23Db pressure transducers. Left ventricular pressure was recorded at both normal and high gain for measurement of enddiastolic pressure. In two dogs with LVH, a 5F NIH catheter was introduced percutaneously into the right femoral artery with 2% lidocaine infiltration anesthesia and advanced under fluoroscopic control into the aortic segment between the aortic valve and the area of stenosis to allow direct measurement of coronary perfusion pressure. Lead II of a standard electrocardiogram was recorded. The laboratory was dimly illuminated and kept free from noise and activity that might disturb the dog. After the recording instruments had been connected, a 45-to 60-minute interval was allowed for the dog to adjust to the laboratory conditions. Measurements of regional myocardial blood flow were made with left atrial injections of microspheres, 15 jum in diameter and labeled with the yemitting radionuclides 125 I, 141 Ce, 51 Cr, ^Sr, 9S Nb, and 46 Sc (3M Company) (Domenech et al., 1969) . The microspheres were obtained as 1.0 mCi of each nuclide in 10 ml of 10% dextran and 0.05% polysorbate-80. This stock solution was diluted in 10% dextran so that 1.0 ml, the volume injected, contained approximately 3 X 10 6 microspheres. Injection of this quantity of microspheres resulted in no change in arterial, left atrial, or left ventricular pressures during the course of the study. Prior to injection, the microspheres were mixed for at least 15 minutes in an ultrasonic bath and a vortex agitator. Measurements of regional myocardial blood flow were performed in each dog during three separate periods of ventricular pacing at heart rates of 100, 200, and 250 beats/min. Pacing was accomplished with a Grass model S&8 physiological stimulator delivering 3-msec rectangular pulses 25% above threshold voltage through a stimulus isolation unit. All pressures were recorded continuously to ensure that steady state hemodynamic conditions had been achieved. After 4 minutes of pacing at each rate, 1.0 ml of microsphere suspension was injected into the atrial catheter and flushed in with 3.0 ml of normal saline over a 10-second interval. Beginning 5 seconds prior to each microsphere injection and continuing for 90 seconds, a reference sample of arterial blood was collected from the aortic catheter at a constant rate of 15.0 ml/min with a Harvard model 1210 withdrawal pump. Pacing was continued for 2 minutes after injection of microspheres, and a 10minute interval was allowed between pacing periods. The order in which pacing interventions were performed was randomized.
To examine the direct mechanical effects of increasing heart rate on regional myocardial blood flow in the absence of coronary vasomotor adjust- VOL. 49, No. 3, SEPTEMBER 1981 ments, we repeated the above protocol during maximal coronary vasodilation produced by intravenous infusion of adenosine, 4 /iM/kg of body weight per min (1.07 mg/kg per min). This dosage of adenosine has been demonstrated to result in maximal coronary vasodilation since (1) no further increase in coronary blood flow was observed during infusion of larger dosages of adenosine and (2) no further increase in blood flow occurred following 10-to 15second periods of coronary artery occlusion (Cobb et al., 1974; Rembert et al., 1980) . Adenosine was dissolved in warm normal saline so that the desired dosage was delivered by an infusion rate of 0.7 ml/ min. Infusion of adenosine was begun 10 minutes before the first pacing intervention and was continued at a constant rate until the conclusion of the study.
After completion of the study, the dogs were killed with a lethal dose of pentobarbital and the hearts were removed, weighed, and fixed in 10% buffered formalin. The atria, aorta, and large epicardial blood vessels were dissected from the left ventricle and discarded. The right ventricular free wall was removed and weighed. The left ventricle was then sectioned into four transverse sections parallel to the mitral valve ring, and each section was divided into four equal transmural layers from epicardium to endocardium, weighed, and placed in vials for counting. These layers will be referred to as "layers 1-4," layer 1 being closest to the epicardium and layer 4 closest to the endocardium.
Myocardial and blood reference samples were counted in a Packard model 5912 y spectrometer at window settings selected to correspond to the peak emissions of each radionuclide. The counts/min recorded in each energy window and the corresponding sample weights were entered into a digital computer programmed to correct for contaminant activity contributed by the associated nuchdes and for background activity and to compute the cor- rected counts/min per g of myocardium. Blood flow to each myocardial specimen was computed by use of the formula Q m = Q r • C m /C r , where Q m = myocardial blood flow (ml/min), Q r = reference blood flow (ml/min), C m = counts/min of the myocardial specimen, and C r -counts/min of the reference blood specimen. Total left ventricular blood flow for each dog was computed as the sum of the absolute blood flow values of all the left ventricular specimens. Myocardial blood flow values (ml/min) for individual specimens were divided by the sample weight and expressed as ml/min per g of myocardium.
Data from individual segments were examined with a two-way analysis of variance to test for significant effects of the experimental intervention and the transmural layer on blood flow. When significant differences were found to exist, pairwiae comparisons were performed for the intervention under study to determine within which myocardial segments significant differences existed. The resultant P-values were adjusted by use of the Bonferoni inequality which corrects for performing multiple tests on correlated data. Endocardial:epicardial blood flow ratios (endo:epi) were obtained by dividing blood flow to layer 4 by the corresponding flow to layer 1.
Results
As shown in Table 1 , the dogs subjected to banding of the ascending aorta had significantly increased left ventricular weights, resulting in a left ventricular: body weight ratio that was 91% greater than in the control animals. Although the mean body weight was less in the dogs with LVH than in the control animals, this did not appear to result from growth retardation in the animals with aortic banding, since there was no difference in body weight between two unoperated littermates included in the control group and their siblings that were subjected to aortic banding.
Hemodynamic data are shown in Table 2 . At a heart rate of 100 beats/min, left ventricular systolic pressure was 115 ± 11 mm Hg higher in the dogs with LVH than in the control dogs (P < 0.01); this difference was accounted for by a peak systolic pressure gradient between the left ventricle and the aorta distal to the constriction of 132 ± 15 mm Hg in the dogs with LVH. In the normal dogs, neither left ventricular nor aortic pressures changed significantly during pacing at 200 and 250 beats/min. In the dogs with LVH, increasing pacing rates were accompanied by a progressive decline in left ventricular systolic pressure (P < 0.05), while mean and diastolic aortic pressure did not change significantly. Left ventricular end-diastolic pressure and mean left atrial pressure were significantly higher in the dogs with LVH than in the control animals, and this difference persisted at all pacing rates (each P < 0.05). In the normal dogs, left ventricular 
Values are mean ± 3EM Measurements were obtained during control conditions ICON) and during infuaion of adenosine (4 ^tM/kg per min) to produce maximal coronary vasodilation (ADEN). In the dogs with LVH, aortic pressure measurements were obtained distal to the aortic constriction * P <r 0.05 comparing control and LVH f P < 0.05 in comparison with the corresponding value at a heart rate of 100 beats/min end-diastolic pressures and mean left atrial pressure tended to increase with increasing pacing rates, but these changes did not achieve statistical significance. In contrast to the normal dogs, in animals with LVH both left ventricular end-diastolic pressure and mean left atrial pressure increased significantly at a heart rate of 250 beats/min during control conditions and at heart rates of 200 and 250 beats/min during adenosine administration (P < 0.05) ( Table 2) . Administration of adenosine (4 IAM/ kg per min, iv) resulted in a modest but significant decrease of left ventricular systolic pressure and aortic pressure in both the normal dogs and those with LVH, as well as a modest but significant decrease in left atrial pressure at a heart rate of 100 beats/min in the dogs with LVH (P < 0.05).
Transmural myocardial blood flow during ventricular pa _.g in the presence of intact coronary vasomotor tone is shown in Table 3 . In the control group, mean myocardial blood flow was 1.34 ± 0.10 ml/min per g of myocardium at a heart rate of 100 beats/min, and blood flow increased significantly as the pacing rate was increased to 200 and 250 beats/ min (each P < 0.05). In the animals with LVH, mean left ventricular blood flow increased from 1.65 ± 0.18 to 2.18 ± 0.21 ml/min per g of myocardium (P < 0.05) as the pacing rate was increased from 100 to 200 beats/min, but mean flow did not in-crease further as the pacing rate was increased to 250 beats/min. Nevertheless, there was no significant difference in mean myocardial blood flow at any heart rate between the control dogs and those with LVH. At heart rates of 100 and 200 beats/min, the endo:epi blood flow ratios were not significantly different from each other or from unity in either group of animals. However, at a heart rate of 250 beats/min, the mean endo:epi ratio in the control group was 1.03 ± 0.03, whereas in the animals with LVH the mean endoiepi ratio fell to 0.68 ± 0.09 (P < 0.02, compared with the control group). The lower endo:epi ratio during pacing at 250 beats/min in the dogs with LVH resulted from a lower subendocardial flow (flow to layer 4 in the dogs with LVH = 1.68 ± 0.35 as compared with 2.39 ± 0.30 ml/min per g in the control dogs) with no difference in subepicardial flow (flow to layer 1 in the dogs with LVH = 2.30 ± 0.21 as compared with 2.33 ± 0.24 in the control dogs).
Myocardial blood flow during maximal coronary vasodilation produced by administration of adenosine at pacing rates of 100, 200, and 250 beats/min is shown in Table 4 . At a heart rate of 100 beats/ min, adenosine administration resulted in a 352 ± 24% increase in mean myocardial blood flow in the control group (P < 0.01). Increasing the pacing rate to 200 beats/min resulted in a significant decrease Values are mean ± SEM " P < 0.05 comparing control and LVH t Endo epi ratios significantly less than 1 0 {P < 0.051 in mean myocardial blood flow (P < 0.05), which did not decrease further when the pacing rate was increased to 250 beats/min. Examination of the transmural pattern of myocardial perfusion in the control group showed that no significant change occurred in blood flow to myocaidial layers 1 and 2 as heart rates were increased from 100 to 250 beats/ min. In contrast to this, each increment in heart rate resulted in a significant decrease in myocardial blood flow to layers 3 and 4 (each P < 0.05). The influence of heart rate on myocardial blood flow was most marked in layer 4, where, at a rate of 250 beats/min, flow had fallen to 42 ± 7% of the value observed at a heart rate of 100 beats/min (P < 0.01). This selective reduction of blood flow to the deeper myocardial layers resulted in a progressive decrease in the endo:epi ratio from 0.93 ± 0.07 at a heart rate of 100 beats/min to 0.41 ± 0.07 at a heart rate of 250 beats/min (P < 0.01;. In the animals with LVH, adenosine administration increased mean left ventricular blood flow to 5.43 ± 0.55 ml/min per g of myocardium, which was not significantly different from the value for the control group. Mean myocardial blood flow was not decreased significantly at a pacing rate of 200 beats/ min, but decreased to 2.74 ± 0.48 ml/min per g of myocardium at a pacing rate of 250 beats/min (P < 0.05). Examination of the transmural distribution of perfusion in the dogs with LVH demonstrated that, unlike the control group, significant decreases in myocardial blood flow occurred in all four transmural layers during pacing at 250 beats/min (P < 0.05) (Fig. 1 ). The endo:epi blood flow ratios in the dogs with LVH were significantly less than unity at pacing rates of 200 and 250 beats/min (P < 0.05), and were not significantly different from the control group.
To assess the maximum cross-sectional area of the coronary vascular system in normal and hypertrophied ventricles, we computed minimum coronary vascular resistance during adenosine infusion by dividing perfusion pressure by myocardial blood flow. Coronary vascular resistance was computed by use of total left ventricular blood flow, as well as expressed per g of myocardium (Table 5) In the normal dogs, mean aortic pressure was used as perfusion pressure. In two dogs with LVH in which a catheter was placed in the proximal aortic segment from which the coronary arteries arise, pressure was found to equal left ventricular pressure in systole and to equilibrate with distal aortic pressure throughout diastole. Based on this finding, mean coronary perfusion pressure for the remaining dogs with LVH was computed by use of ventricular pressure averaged by planimetry from the beginning of the upstroke of aortic pressure to the dicrotic notch as systolic pressure, and aortic pressure averaged from the dicrotic notch to the beginning of the next systolic upstroke as diastolic pressure. Although the mean diastolic aortic pressure was similar in the normal dogs and the dogs with LVH, the marked elevation in mean systolic pressure in the dogs with LVH resulted in a significantly higher mean perfusion pressure in the proximal aortic segment from which the coronary arteries arise in the animals with LVH (P < 0.02). Maximal left ventricular blood flow per gram of myocardium during adenosine infusion was similar in both groups of animals, but, owing to the greater left ventricular mas3, total blood flow was significantly greater in the animals with LVH than in the control dogs. Minimum coronary resistance per gram of myocardium was significantly lower in the control animals than in the dogs with LVH (P < 0.05), whereas minimum coronary resistance for the total left ventricle was similar in both groups.
Discussion
The characteristics of the model used to produce LVH in the present study require discussion. At the time of the initial surgery for placement of the aortic band, the aortic constriction was adjusted to produce a mild systolic pressure gradient across the area of stenosis; subsequently, the degree of pressure overload progressively increased as the constriction remained fixed in the face of normal body growth, and this resulted in a 115 ±11 mm Hg peak systolic pressure gradient at the time of study. This pressure overload was associated with a 91% average increase in the left ventricular:body weight ratio relative to the control dogs, a degree of LVH similar to that observed in other studies in which aortic constriction was produced in young dogs (Holtz et al., 1977; Rembert et al., 1978) , but greater than in studies in which supravalvular aortic constriction was produced in adult dogs (Sasayama et al., 1976; O'Keefe et al., 1978) or pigs (White et al., 1979) . However, because of the risk of aortic rupture, aortic constriction in the adult dog has generally been performed to produce a considerably lower final resting systolic pressure gradient of approximately 50 mm Hg, and the dogs have been exposed to this pressure for only 3-6 weeks, resulting in an approximately 30% increase in left ventricular mass (Sasayama et al., 1976; O'Keefe et al., 1978) .
Because of the supravalvular location of the aortic constriction in this experimental model of LVH, the coronary arteries are exposed to left ventricular pressure during systole, resulting in substantial systolic coronary blood flow (Rembert et al., 1978) . This model thus differs from valvular or subvalvular aortic stenosis in which systolic coronary pressures are well below left ventricular systolic pressure, so that little coronary flow occurs during systole. Despite this difference in systolic coronary flow, Rembert et al. (1978) found, in one dog they studied with congenital discrete subvalvular aortic stenosis, that transmural myocardial perfusion was similar to that in dogs in which LVH had been produced by creating coarctation of the ascending aorta. These investigators suggested that this similarity of myocardial perfusion occurred because the increased systolic flow in supracoronary aortic stenosis is largely stored in the epicardial coronary vessels, as the increased pulse pressure in the proximal aortic segment distends these vessels during systole and, thus, does not actually perfuse the myocardium during systole. Pressure in the proximal aortic segment was found to equilibrate with distal aortic pressure during diastole when perfusion of the subendocardium principally occurs. This is in agreement with the findings that diastolic coronary perfusion pressures are also normal in patients with congenital supravalvular aortic stenosis (Vincent et al., 1974) .
The ability of blood flow per unit myocardial mass to increase during maximal coronary vasodilation at a heart rate of 100 beats/min was not different from normal in the dogs with LVH. However, this increase in flow during adenosine administration was achieved at a higher mean coronary driving pressure in the dogs with LVH, than in the normal animals, indicating a significant increase in minimum coronary resistance. This finding, which suggests that growth of the coronary vasculature did not keep pace with the hypertrophying myocardium, is in agreement with findings of Mueller et al. (1978) in dogs with LVH secondary to renovascular hypertension and of O' Keefe et al. (1978) in dogs with constriction of the ascending aorta. Both of these previous studies demonstrated that minimum coronary vascular resistance per unit myocardial weight was compromised in the animals with LVH. In both studies, LVH was produced in adult dogs. The present study extends these findings by demonstrating that a similar impairment of minimum coronary resistance also exists when LVH develops in young animals during the period of growth. This finding may be contrasted with the report of Rakusan et al. (1967) that the capacity of the myocardial vascular bed measured with '"I-labeled albumin in rabbits with LVH differed, depending upon whether the hypertrophy-inducing stress was imposed in young or adult animals. Thus, banding of the ascending aorta in young rabbits resulted in an increase in the terminal vascular capacity in proportion to the degree of hypertrophy, whereas in adult animals the terminal vascular capacity remained unchanged, resulting in a decrease in vascular capacity in proportion to the increase in left ventricular weight. The present data suggest that, during development of LVH in the growing animal, the vascular elements that determine minimum coronary resistance may behave differently from the terminal vascular capacity, which more closely reflects myocardial capillary density.
Examination of the transmural distribution of perfusion during maximal coronary vasodilation showed no significant difference between the normal dogs and the dogs with LVH at a heart rate of 100 beats/min. In both groups, the endo:epi ratio was not significantly different from unity. This is in agreement with the report by Mueller et al. (1978) who found no difference in the transmural distribution of perfusion during maximal coronary vasodilation produced by adenosine administration between normal dogs and dogs with LVH secondary to renovascular hypertension. In both groups the endo: epi ratios were not significantly different from unity during maximal coronary vasodilation. In contrast to these findings, Holtz et al. (1977) , using dogs with LVH produced by banding the ascending aorta, found that coronary vasodilation produced by administration of dipyridamole resulted in a significant reduction of the endo:epi ratio below unity. The discrepancy between that study and the present report is difficult to resolve, although it appears that maximal vasodilation may not have been achieved in the study by Holtz et al. (1977) , since the maximum myocardial blood flow during dipyridamole administration in that study was 2.68 ± 0.20 as compared with 5.43 ± 0.55 ml/min per g of myocardium during adenosine administration in the present study. Similarly, in a study in which LVH had been produced in adult dogs by means of constriction of the ascending aorta, O' Keefe et al. (1978) observed a significant reduction of the endo: epi ratio below unity during maximal coronary vasodilation. However, that study was carried out in anesthetized open-chest dogs. It has been demonstrated previously that adenosine administration results in significant reduction of the endo: epi ratio in the anesthetized open-chest normal dog as compared with the intact awake dog, possibly in part because heart rates in the open-chest preparation tend to be considerably higher than in the awake dog. Rembert etal. (1978) found a marked reduction of the endo:epi ratio during reactive hyperemia in dogs with LVH secondary to supravalvular aortic constriction, despite a mean heart rate of 86 ± 3 beats/min. However, pharmacologically induced coronary vasodilation may be fundamentally different from the vasodilation observed during reactive hyperemia, since ischemia associated with the preceding period of coronary occlusion may impair myocardial relaxation (thereby encroaching on the interval of diastole) (Palacios et al., 1978) and produce residual diastolic interaction between contractile elements (Grossman and Barry, 1980) . These changes in diastolic function might be expected to alter the transmural distribution of myocardial blood flow by increasing the extravascular forces acting on the intramural coronary vessels (Apstein el al., 1977) .
In the normal dogs with intact coronary vasomotor tone, cardiac pacing resulted in increases of mean myocardial blood flow in proportion to heart rate, whereas subendocardial blood flow was maintained equal to subepicardial flow at all heart rates. This suggested that appropriate adjustment of regional coronary vascular resistance occurred during tachycardia to augment subendocardial blood flow during the abbreviated interval of diastole and thereby maintain uniform transmural myocardial perfusion. In agreement with previous studies, in the dogs with LVH, mean myocardial blood flow per unit mass at a heart rate of 100 beats/min was normal, and the transmural distribution of perfusion was uniform (Holtz et al., 1977; Mueller et al., 1978) . This finding is consistent with the concept that, in the chronically pressure-overloaded left ventricle, hypertrophy occurs to result in normalization of systolic wall stress, and therefore myocardial oxygen consumption and coronary blood flow per unit mass (Hood et al., 1968) . During pacing at 200 beats/min, mean myocardial blood flow increased normally in the dogs with LVH and the transmural distribution of perfusion remained uniform. However, unlike the control animals, mean myocardial blood flow did not increase further as the heart rate was increased to 250 beats/min. In addition, a significant abnormality of the transmural distribution of perfusion emerged in the animals with LVH at a heart rate of 250 beats/min, which was marked by a significant decrease of the endo: epi ratio below unity and below that observed in the normal dogs This finding suggested that the limit of coronary autoregulation had been reached in the subendocardial layers of the dogs with LVH at a heart rate of 250 beats/min.
The blood flow data obtained during maximal coronary vasodilation with adenosine provides insight into the redistribution of perfusion that occurred in the dogs with LVH during pacing at 250 beats/min. In the control dogs, subendocardial flow was maintained equal to subepicardial flow during pacing at 250 beats/min, but preservation of a normal endo:epi ratio used all of the available subendocardial vasodilator capacity, as indicated by fail-ure of blood flow to layer 4 to increase further during adenosine adminstration. However, in the dogs with LVH, blood flow to both layers 3 and 4 was significantly decreased below layer 1 flow during pacing at 250 beats/min in the presence of intact coronary vasomotor tone. That this reduction of blood flow to the inner half of the left ventricular wall was due to impaired coronary vasodilator capacity was shown by the finding that blood flow to these layers was not able to increase significantly in response to adenosine administration during pacing at 250 beats/min. Although the transmural distribution of perfusion during adenosine administration was similar in the control dogs and those with LVH at heart rates of 100 and 200 beats/min, during pacing at 250 beats/min blood flow in all transmural layers of the dogs with LVH was significantly lower than in the control animals. Clearly, this increased extravascular compressive effect markedly impaired the vasodilator reserve capacity and, in fact, prevented the normal increase in myocardial blood flow from occurring in the subendocardium at this heart rate. The fact that transmural myocardial perfusion during maximal coronary vasodilation was not different between normal and hypertrophied ventricles at heart rates of 100 and 200 beats/ min indicates that the reduction of coronary vasodilator reserve capacity observed at a heart rate of 250 beats/min was not the result of a structural abnormality, but rather represented a functional difference between normal and hypertrophied ventricles which emerged at a heart rate of 250 beats/ min. This perfusion deficit in the hypertrophied ventricles at a heart rate of 250 beats/min was evident in all transmural layers during adenosine administration, but in layers 3 and 4 it also resulted in actual reduction of blood flow below values for the control animals even in the presence of intact vasomotor tone.
The mechanism of this impairment of vasodilator capacity at a heart rate of 250 beats/min is of considerable interest. It is possible that the decrease in left ventricular systolic pressure that was observed at a heart rate of 250 beats/min could have reduced blood flow to the outer myocardial layers in which perfusion may occur during systole (Hess and Bache, 1976) . However, since mean aortic pressure during diastole, when most subendocardial perfusion occurs, did not change significantly during pacing at 250 beats/min, it does not appear that the observed reduction of subendocardial blood flow could be related to alterations of coronary perfusion pressure. Pacing at 250 beats/min resulted in a significant increase in left ventricular end-diastolic pressure in the dogs with LVH, but not in the normal animals. Clearly, this increase in left ventricular cavitary pressure during diastole would be expected to influence subendocardial perfusion, whereas impairment of the rate of relaxation in the hypertrophied hearts would shorten the interval of diastole effectively available for perfusion. Reduc-tion of subendocardial perfusion during pacing at 250 beats/min could potentially become self-perpetuating if the reduced perfusion resulted in subendocardial ischemia (Griggs et al., 1973) , since the resultant ischemia would be expected to increase left ventricular diastolic pressure further because of impairment of systolic function (Mann et al., 1977) , as well as by causing increased diastolic tone and residual diastolic interaction of contractile elements (McLaurin et al., 1973; Grossman and Barry, 1980) . These changes would be expected to increase extravascular compression on the intramural vessels and thereby reduce myocardial blood flow (Apstein et al., 1977) . Ischemic prolongation of the isovolumic relaxation phase of systole would, in addition, encroach on the diastolic interval available for perfusion of the subendocardium (McLaurin et al., 1973; Palacios et al., 1978) .
In summary, this study has demonstrated two separate abnormalities of myocardial perfusion in the chronically hypertrophied heart. The first appears to be an anatomic abnormality which results in decreased minimum coronary vascular resistance per gram of myocardium during maximum coronary vasodilation. Thus, although maximum myocardial blood flow rates were similar in normal and hypertrophied hearts at a heart rate of 100 beats/min, this was accomplished at a higher mean coronary perfusion pressure in the dogs with LVH, indicating that the maximum cross-sectional area of the coronary vascular bed had not increased in proportion to the degree of myocardial hypertrophy. The second abnormality appeared to be a functional abnormality which became evident only at a pacing rate of 250 beats/min, and was marked by a significant reduction of the maximal blood flow rate during adenosine infusion in all transmural layers of the left ventricle. This abnormality was sufficiently severe to reduce subendocardial blood flow below that in the normal dogs and to reduce the endo:epi ratio significantly below unity at a heart rate of 250 beats/min in the presence of intact coronary vasomotor activity. The present study did not delineate the relative contributions of myocardial hypertrophy and obstruction to left ventricular outflow on the observed perfusion abnormalities. Because application of the aortic constricting band in young dogs prevents subsequent growth of the involved aorta, removal of the band does not result in reversal of the aortic stenosis, so that studies of the effects of hypertrophy alone were not possible with this experimental model. Clearly, however, future studies will be needed to examine perfusion of the hypertrophied myocardium after correction of the hemodynamic abnormality.
